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Abstract 

A search for unstable neutral and charged heavy leptons as well as for stable 
charged heavy leptons is performed at center-of-mass energies ^/s = 183 and 189 
GeV with the L3 detector at LEP. No evidence for their existence is found. We 
exclude neutral heavy leptons which couple to the electron, muon or tau family, of 
the Dirac type for masses below 92.4, 93.3 and 83.3 GeV, and of the Majorana type 
for masses below 81.8, 84.1 and 73.5 GeV, respectively. We exclude unstable charged 
heavy leptons for masses below 93.9 GeV for a wide range of the associated neutral 
heavy lepton mass. If the unstable charged heavy lepton decays to a light neutrino, 
we exclude masses below 92.4 GeV. The production of stable charged heavy leptons 
with mass less than 93.5 GeV is also excluded. 
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Introduction 



Electron-positron colliders are well suited for the search for new heavy leptons with masses up 
to the beam energy pQ. Heavy leptons, L ± or L°, are pair-produced [5] through the s-channel: 
e + e~ — > 7/Z^L + L~, L°L°. They are assumed to couple to the photon and the Z in the same 
way as the known leptons. The total expected cross sections are in the range of 1 to 4 pb at 
masses well below the beam energy and fall as the mass of the lepton approaches the beam 
energy. Here we report on a direct search for unstable sequential neutral heavy leptons (neutral 
partner to the charged lepton), L°, of the Dirac or Majorana type, and charged heavy leptons, 
L 1 * 1 , updating our previous search J3]. Other recent results on this subject obtained at LEP 
at y/s = 133 to 183 GeV, can be found in reference jlj. The data used in this analysis were 
collected with the L3 detector at LEP at y/s = 183 GeV with an integrated luminosity of 56 
pb -1 , and at y/s = 189 GeV with an integrated luminosity of 176 pb -1 . We have combined the 
results with our earlier data recorded at y/s = 133 to 172 GeV. The L3 detector is described 
elsewhere [5]. 

The neutral heavy lepton is expected to decay to a light lepton L° — > £ ± W :F * , ( £ = e, //, t). 
In this search we consider only the case where both neutral heavy leptons decay to the same 
lepton family (electron, muon, or tau). In this case, the decay amplitude contains a parameter 
U for the transition from the heavy lepton to the light lepton. The mean decay length, D, 
is given by D = P'jcr^ oc (3\U\~ 2 m^, where is the mass and tl is the lifetime of the 
heavy lepton and a ~ —6. To ensure high detection and reconstruction efficiencies, the search 
is restricted to neutral leptons decaying within 1 cm of the interaction point. This limits the 
sensitivity to the transition parameter to \U\ 2 > O(l0~ 12 ). 

Three different possibilities for the charged heavy lepton decay modes are considered: 

1) The charged lepton decays via a lepton- number- nonconserving interaction to light neu- 
trinos, L ± — > z/^W ± *. 

2) The charged lepton decays through a lepton-number-conserving weak charged current 
interaction, L+ — >L°W ± *, with L° being stable. 

3) The charged lepton is stable. This is the case if the associated neutral lepton is heavier 
than its charged partner and there is no or very small probability to decay into light 
neutrinos. 

Event Simulation 

The generation of heavy leptons and their decay is performed with the TIPTOP [7 Monte- 
Carlo program which takes into account initial state radiation and spin effects. For the search 
we consider the mass range of the heavy leptons between 50 and 94 GeV. For the simulation 
of background from Standard Model processes the following Monte-Carlo programs are used: 
PYTHIA 5.7 (e+e" -> qq(i), Ze+e", ZZ), KORALZ jHj (e+e" -> t+t"^)), KORALW [TO] 
(e+e~ -> W+W"), PHOJET JTTj (e+e" -> e+e'qq), DIAG36 12| (e+e" -> e+e'r+r-), and 
EXCALIBUR [13| (e+e" -»• ff'ff'). The Monte-Carlo events are simulated in the L3 detector 
using the GEANT3 program [2], which takes into account the effects of energy loss, multiple 
scattering and showering in the materials. 
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Search for Unstable Neutral Heavy Leptons 



The event topology used in the search for pair produced neutral heavy leptons is two isolated 
leptons (e, /i, or r) of the same family plus the decay products of real or virtual W bosons, i.e. 
e + e~ — >L°L° — > £ + £~W + *W~* . Hadronic events with visible energy greater than 60 GeV and 
charged track multiplicity greater than 3 are used in this analysis. The search follows closely 
the procedure described previously |3j. 

For the case where both neutral heavy leptons decay to either electrons or muons, events 
must also satisfy the following criteria: 

• The number of reconstructed jets plus isolated leptons is at least 3. 

• The energy sum of the two isolated electrons or muons must be less than 70 GeV. This 
is a cut introduced to reject the Z-pair background. Figure la) shows an example of the 
isolation criteria. 

After applying the selection, 6 events remain in the 189 GeV data for the electron decay mode 
while 7.2±0.5 background events are expected. For the muon decay mode, 1 event remains 
in the 189 GeV data while 1.2±0.2 background events are expected. For the 183 GeV data, 1 
event satisfies the selection requirements for the electron decay mode and none for the muon 
decay mode while 1.8±0.2 and 0.9±0.1 background events are expected, respectively. 

For the case where both neutral heavy leptons decay to tau leptons, each of the taus can 
independently decay to hadrons, muons, or electrons. When both tau leptons decay to either 
muons or electrons, the above selection is applied with the exception that we allow the isolated 
leptons to be either two electrons, two muons, or one muon and one electron. We also consider 
the final state in which at least one of the tau decays into one charged hadron. In this case, 
events satisfying the following criteria are selected: 

• The number of reconstructed jets plus isolated leptons is at least 4. 

• The polar angle (angle with the beam axis) 9 of the missing momentum must be in the 
range 25° < 9 < 155°, and the fraction of visible energy in the forward-backward region 
(9 < 20° and 9 > 160°) must be less than 40%. 

• The angle between the most isolated track and the track nearest to it, must be greater 
than 50° or the angle between the second most isolated track and the track nearest to it, 
must be greater than 25°. The transverse momenta, p t , of the two most isolated tracks 
must be greater than 1.2 GeV, and at least one track must have pt greater than 2.5 GeV. 

• The visible energy is required to be less than 175 GeV. 

• The electron and muon energies must be less than 40 GeV. 

After applying the above selection, 33 events remain in the 189 GeV data, while 32.3±1.0 back- 
ground events are expected. For the 183 GeV data, 5 events satisfy the selection requirements 
while 6.8±0.3 background events are expected. 

The selection efficiencies are determined by Monte-Carlo. For neutral heavy leptons in the 
vicinity of the mass limit from 80 to 94 GeV, it is 28.0% to 33.5% for the electron decay mode. 
For the muon decay mode the efficiency in the same mass range is 25.0% to 32.2% . For the 
tau decay mode, the selection efficiency ranges from 23.4% for 70 GeV to 17.3% for 85 GeV. 
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The systematic error, which is mainly due to the uncertainties in the energy calibration factors 
and the lepton identification efficiency and purity, is estimated to be 5% relative. To obtain 
exclusion limits in this and subsequent analyses, the selection efficiency has been reduced by 
one standard deviation in the total systematic error. Taking into account the luminosity, the 
selection efficiency and the production cross section we obtain a lower limit on the neutral heavy 
lepton mass using the procedure from reference ^H]. Combining this result with our previous 
analysis pj we exclude at 95% C.L. the production of unstable neutral heavy leptons of the 
Dirac type for masses below 92.4, 93.3 and 83.3 GeV and of the Majorana type below 81.8, 
84.1 and 73.5 GeV, if the neutral heavy lepton couples to the electron, muon and tau family, 
respectively. These results are summarized in Tabled 

Search for Unstable Charged Heavy Leptons 
Decay into a light neutrino, L ± — > z/£W ± * 

For this search, two sets of cuts are used to search for the topology with one hadronic and one 
leptonic W-decay as well as two hadronic W-decays. For both selections we require that the 
visible energy be greater than 50 GeV, the multiplicity of charged tracks be greater than 3, and 
the fraction of the total visible energy in the forward-backward region be less than 25%. 

For the mode L + L~ — > vipi W + *W~* — > vi9j>£vgqq' , events satisfying the following criteria 
are selected: 

• The event contains at least one isolated electron or muon with energy greater than 4 GeV 
and less than 50 GeV. 

• The number of reconstructed jets plus isolated leptons is at least 3. 

• The polar angle 9 of the missing momentum must be in the range 25° < 9 < 155°. 

• The sum of the energies of the hadronic jets must be less than 80 GeV. Figure lb) shows 
the distribution of the sum of the energies of hadronic jets, after all other cuts have been 
applied. 

After applying the selection, 20 events remain in the 189 GeV data while 23.2±0.8 background 
events are expected. To set mass limits, only the 189 GeV data are utilized since the lower 
energy data does not contribute significantly to the setting of the limit. 

For the mode where both W bosons decay hadronically, events satisfying the following 
criteria are selected: 

• The event does not contain any isolated electrons or muons and the energy of each non- 
isolated electron or muon must be less than 30 GeV. 

• The number of hadronic jets is at least 4. 

For charged heavy lepton masses greater than the W boson mass, the leptons each decay 
to a real W. The dominant remaining background after the previous cuts have been applied is 
W-pair production. However, for the signal events, due to the energy and momentum carried 
away by light neutrinos, the total visible energy is less than y/s and the two W bosons are not 
back-to-back. To improve the determination of jet energies and angles (both for the signal and 



4 



the background) a kinematic fit is applied imposing the constraint that both jet-jet invariant 
masses are equal to the W mass. All possible jet-jet combinations are considered and the one 
which gives the smallest \ 2 of the fit is chosen. The following additional requirements are then 
imposed for the case where the charged lepton mass is greater than 80 GeV: 

• The visible energy must be less than y^s — 10 GeV. Figure lc) shows the distribution of 
visible energy, after all previous cuts have been applied. 

• The angle between the two W candidates is less than 160°. 

• The total transverse momentum of jets must be greater than 10 GeV. Figure Id) shows 
the distribution of this quantity, after all other cuts have been applied. 

After applying the selection, 51 events remain in 189 GeV data while 53.3±1.5 background 
events are expected. To set mass limits only the 189 GeV data are utilized since the lower 
energy data does not contribute significantly to the setting of the limit. 

The kinematic distributions of the candidates from both topologies are consistent with those 
expected from background. The selection efficiency for 90 GeV charged heavy leptons is 17.9%. 
The systematic error, which is mainly due to the uncertainties in the energy calibration factors 
and the lepton identification efficiency and purity, is estimated to be 5% relative. Taking into 
account the luminosity, the selection efficiency and the production cross section we obtain a 
lower limit on the charged heavy lepton mass using the procedure from reference [Ej. We 
exclude the production of unstable charged heavy leptons at 95% C.L. for masses below 92.4 
GeV. The results of this search are summarized in Table 

Decay into stable neutral heavy lepton, L ± — »L°W ± * 

In this case the charged lepton decays into its associated neutral lepton L°. From LEP results 
at the Z resonance the mass of the stable L° must be greater than 40 GeV, thus the signal 
events are characterized by a large missing energy and a large transverse momentum imbalance. 
In the limit of a vanishing mass difference between charged lepton and associated neutral lepton 
(Am = mL± — m^o), the sensitivity to the signal is limited by the trigger efficiency and the 
large two-photon background. Hence, the search is restricted to 10 GeV < Am < 45 GeV. The 
case of a light neutral lepton (Am = mi,±) has been considered in the previous section. The 
main background is the two-photon process for small mass difference (Am < 20 GeV) and the 
qqipf) and WW processes for high mass difference (Am > 20 GeV). 

The above signature of a charged heavy lepton is very similar to that of a chargino, when 
the chargino decays into a stable neutralino and a W boson. Therefore, we use a selection 
developed for the chargino search which is mainly based on the signatures of missing 
energy, transverse momentum imbalance, missing mass, acoplanarity and isolated leptons. 

After applying the selection, 9 events remain in the 189 GeV data while 9.9±1.5 events are 
expected from background. Only the 189 GeV data are utilized since the lower energy data 
does not contribute significantly to the setting of the limit. 

The selection efficiency varies from ~5% for Am = 10 GeV to 40% for Am = 45 GeV. 
The typical systematic error, which is mainly due to the the Monte-Carlo statistics and to 
uncertainties in energy calibration factors and jet angular resolution, is estimated to be 5% 
relative. Taking into account the luminosity, selection efficiency and the production cross 
section we obtain a lower limit on the charged heavy lepton mass. Figure 2 shows the 95% C.L. 
exclusion contour in the m-^± — m^o plane. The exclusion region extends to mL± = 93.9 GeV. 
The result of this search is summarized in Table ^ 
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Search for Stable Charged Heavy Leptons 



This search is designed for stable charged particles with masses from 45 GeV up to the beam 
energy, E B . The search uses all the data from y/s = 133 GeV to 189 GeV, and follows closely 
the procedure described in reference ^H] for the stable slepton-pair search. The main difference 
between the two analyses is that the efficiency is greater for sleptons which have a different 
angular distribution than fermions. The search is performed with selection requirements op- 
timized for three different mass regions: high (m^/EB > 0.8), intermediate (0.7 < m-^/Es < 
0.8) and low (0.5 < m L /E B < 0.7). 

Events are selected which have two charged tracks with momentum greater than 5 GeV and 
polar angle | cos#| < 0.82. The acollinearity angle between the two tracks is required to be less 
than 15°. The polar angle requirement selects events where the trigger and track reconstruction 
efficiency is high and the dE/dx resolution in the tracking chamber is good. The momentum 
and acollinearity angle cuts reduce the background from two photon produced lepton pairs as 
well as from dilepton annihilation events with a high energy photon in the final state. 

In the region m^/Es > 0.8, the stable leptons are highly ionizing and only the tracking 
chamber information is utilized. The dE/dx measurement is calibrated with Bhabha scattering 
events, and the mean value of the resulting dE/dx distribution is normalized to one. Its 
resolution is 0.08. Events are selected for which the ionization energy loss for each track is 
between 1.25 and 8, and the product of the track ionization losses is larger than 2. 

Figure 3 shows the dE/dx measurements of the first and second tracks for data events at 
189 GeV passing all cuts except those on track ionization, as well as the simulated signal from 
pair-production of 93 GeV stable charged leptons. One candidate event satisfies the selection 
requirements in the 189 GeV data and none in the lower energy data samples. The candidate 
event in the data corresponds to pair production of stable charged particles of mass SOjl^l GeV. 
The background is estimated to be less than 0.5 events at the 90% C.L. for the entire data 
sample. We have conservatively assumed that there are no background events when producing 
exclusion limits in this region. 

The efficiency for selection of heavy stable charged leptons ranges from 58% to 70% over the 
range 0.8 < tji^/Eb < 0.99. For itl^/Eb > 0.99, the charged particles are very highly ionizing 
and saturation effects become significant and may lead to track reconstruction inefficiencies. 
The ionization has been studied using low energy protons in our hadronic events up to 8 units 
in dE/dx which corresponds to tti^/Eb = 0.99. 

In the region 0.7 < itl-^/Eb < 0.8, we combine the information from the dE/dx and the 
muon chambers to search for stable heavy leptons. Events are required to satisfy the following 
criteria: the matched energy deposit in the electromagnetic calorimeter is less than 2 GeV for 
each track; the ionization energy loss for each track is greater than 1.05, their product is larger 
than 1.25, and there is at least one track in the muon chamber with p/ 'Eb > 0.4. 

One candidate event is observed in the 189 GeV data sample and none in the lower energy 
data samples. From the dE/dx information, the candidate event is consistent with pair pro- 
duction of mass 64± 3 GeV stable charged particles. The total background in the entire data 
sample is estimated to be 1.1±0.2 events of which 0.6 events are expected in the 189 GeV data. 
This background is taken into account in producing exclusion limits. The selection efficiency 
ranges from 34% at m L /E B = 0.7 to 58% at m L /E B = 0.8. 

In the region 0.5 < itl-^/Eb < 0.7, the dE/dx ionization is indistinguishable from that of 
lighter particles. Consequently, only the muon chamber momentum and calorimeter information 
are used. Assuming the energy of the particles is Eb, the momentum of the track can be used 
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Table 1: Mass limits from the various heavy lepton search channels. 



Channel 


95% CL Mass Limit GeV 


L° 


Dirac 


Major ana 


L° ^eW 


92.4 


81.8 


L° -> fiW 


93.3 


84.1 


L° -> rW 


83.3 


73.5 




92.4 


L± L U W ± * 


93.9 


Stable L ± 


93.5 



to reconstruct the mass of the heavy particle: = J Eb 2 — p 2 . Events are selected which 
satisfy the following criteria: two tracks are found in the muon spectrometer in the polar angle 
range | cos#| < 0.76, each with 0.55 < pj 'Eb < 1.0; the acollinearity angle between the tracks 
is less than 10°; the matched energy deposit in the electromagnetic calorimeter is less than 
2 GeV and that in the hadronic calorimeter less than 15 GeV for each track; the sum of the 
unmatched electromagnetic calorimeter energy deposits is less than 1 GeV; the reconstructed 
mass using the muon chamber momentum for each particle exceeds 45 GeV. 

Three events pass the selection requirements in the 189 GeV data and none in the lower 
energy data samples. The background is estimated to be 3.3±0.1 events in the entire data 
sample of which 2.6 events are expected in the 189 GeV data, mostly from dimuon events. The 
background is taken into account in determining exclusion limits from the data. The selection 
efficiency ranges from 9% at m L /E B = 0.5 to 34% at ui^/Eb = 0.7. 

The upper limit on the number of signal events over the entire mass range 45 GeV to 93.5 
GeV has been converted to an upper limit on the production cross section using the luminosity 
of the data and the selection efficiency. The systematic error, estimated to be 5% relative, is 
mainly due to the Monte-Carlo statistics. 

Figure 4 shows the upper limit of the cross section obtained from the combined 133 GeV 
to 189 GeV data. The candidate events are accounted for by using a range of ±2cr in the 
uncertainty in the mass centered about the mass corresponding to the observed events. The 
95% CL. upper limit on the production cross section for pair production of stable heavy leptons 
is 0.08-0.02 pb for the mass range 50 to 93.5 GeV and less than 0.18 pb for the mass range 45 
to 50 GeV. We do not quote an upper limit for masses greater than 93.5 GeV. 

Figure 4 also shows the calculated cross section [7j for heavy charged leptons as a function of 
mass at y/s =189 GeV. From the comparison of the two curves, we exclude production of stable 
heavy charged leptons with mass less than 93.5 GeV at 95% CL. and this result is included in 
Tabled 
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Figure 1: a) Energy in a 30° cone around the second most energetic electron candidate, b) The 
sum of the energies of the hadronic jets, c) Visible energy in the event, d) The distribution 
of the total transverse momentum, p t . The dots are the data, the solid histogram is the 
background Monte-Carlo. The dashed line represents the simulated signal for e + e~ — > LL from 
the TIPTOP Monte-Carlo. The normalization for the signal Monte-Carlo is scaled by a factor 
of 2 for better visibility. The arrows indicate the corresponding values of the applied cuts. In 
this case, all cuts on other quantities have been applied. 
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Figure 2: The 95% confidence level limit on the charged heavy lepton mass m^± and the 
associated neutral heavy lepton mass m L o assuming that the L° is stable. 
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Figure 3: The normalized measured track energy loss of track 2 vs track 1 for the data (solid 
circles) taken at ^J~s = 189 GeV and the simulated signal (arbitrary nomalization) for a mass 
93 GeV stable heavy lepton (open circles). The lines represent the applied cut. 
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Figure 4: Upper limit of the production cross section for pair-production of stable charged 
heavy leptons in the L3 data at y/s = 133 to 189 GeV as a function of mass. We do not 
determine the upper limit for masses greater than 93.5 GeV. The hatched area indicates the 
region excluded by our search. The dashed line represents the calculated pair-production cross 
section for heavy leptons at y/s = 189 GeV from the TIPTOP Monte-Carlo. 
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